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Abstract 
A radiomagnetotelluric (RMT) is an extension of the very low frequency (VLF) Electromagnetic induction method         
(10-30 kHz) to frequencies as high as 1 MHz. The field data set of RMT acquired in scalar mode has been successfully 
analysed shallow fault structure using a 3D modeling scheme with finite difference algorithm. Due to complex geological 
structure in the research study area, it is difficult to fulfil the 2D assumption regarding Transverse Magnetic (TM) and 
Transverse Electric (TE) Modes. Hence, the 3D modeling can provide adequate information on the active fault structure and 
gives a representative model for all conductivity structures. The 3D model is constructed using 2D conductivity model and the 
geology as priori information. The resulting model clearly detects the shallow fault structure and the 3D model response is in 
a good agreement with 2D models from observed data. 
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1. Introduction 
In recent years, several 3-D modelling studies were implemented to study the behavior of the response of 3D 
magnetotelluric data 1,2,3. Three dimensional simulations in this paper are performed using the finite difference 
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algorithm of Mackie et.al. (1994)4. Originally, these codes are used in magnetotelluric data modeling with 
frequency range from 10000 Hz to 0.0001 Hz, for 3D  modeling of RMT data, the frequency range from 10 kHz 
to 1 MHz are implemented. Due to the large area modeled and high frequency range used, it is necessary high 
speed and memory capability of computers. The 3-D inversion of scalar radiomagnetotelluric data set has been 
successfully applied over buried waste site in Germany 5 . 
The RMT method uses distant radio-transmitters in the frequency band (10 kHz- 1 MHz) as EM source-fields. 
The principle of this method is demonstrated schematically in Fig.1. The EM fields can assumed as plane waves. 
A radiated EM wave consists of couple alternating vertical electrical and concentric horizontal magnetic fields, 
perpendicular each other. The electromagnetic waves radiated from these transmitters diffuse into the conductive 
earth where they induce electric current systems. The magnetic field can be measured for selected frequencies 
with a coil and the electric field with two grounded electrodes. The skin depth is largely used as rough estimation 
of the investigation depth of the EM systems6. The RMT method has been successfully applied for mapping fault 
structure zone, groundwater investigation and waste 7,8. 
The study area is located in epicenter area of 1978 earthquake, between two lakes Langada and Volvi ca. 45 
km northeast of Thessaloniki (Northern Greece). The strong motion of such seismic activity causes irregular 
distribution which modifies the local geological structure. The ambient noise measurements from the east area of 
Euroseistest experiment give strong implication for a complex 3D tectonic setting. It is difficult to define 
geological strike direction corresponds to 2D assumption regarding TE and TM for RMT data set. Hence, 3D 
modeling can provide biased model of 2D model and gives representative model for all conductivity structure to 
obtain clear description of fault structure. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. Schematic diagram of RMT setup 
 
2. Testing the Algorithm 
Three dimensional simulations of this research area are performed using the finite difference algorithm of 
Mackie et al. (1994). 3D modelling codes provide an estimation of the electromagnetic response given by a 
resistivity model. Besides resistivity, phase is an input parameter also used in 3D modelling. The input model 
consists of rectangular model cells, each of which has specification with homogenous resistivity values. The 
development of a 3D forward model is generally carried out over several steps. First step is testing the codes with 
homogenous and 2D model. The second step is determining the primary structure of the model to be formed in 
3D modelling. Due to large area modelled and need sufficient amount of grid cells, this step is usually done first 
for the main structure only and then expanded to the whole area. In the last step, verification of the obtained 
model response in needed. This means checking the fit between measured field and calculated synthetic data. In 
order to get the best data fit between 2D measured and 3D calculated response, a considerable amount models 
was calculated by trial and error procedure. 
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2.1. Homogenous Half Space 
In order to test the 3D algorithm with a homogenous model, the grid is constructed by a 3D scheme. It 
consists of nodal columns nx, nodal rows ny and nz depends on the depth of the model. As mentioned above, the 
size of the 3D modelling is of 2.4 x 2.4 km2 (Fig.2). In connection with a wide survey area and frequency range 
of RMT, a grid with 2,178,000 cells is implemented (nx = 220, ny = 220 and nz = 45). A resistivity of 80 Ωm was 
used for the homogenous model, as it was obtained from the average resistivity distribution in the area. 
The 3D algorithm calculates the full impedance tensor (Zxx, Zyy, Zxy and Zyx). As an example, station 30 has 
been chosen to show a calculation of apparent resistivity and phase (Fig.1b). Figure 1c shows that the Zxy, Zyx 
impedance values are zero and Zxy has a value equal to Zyx has a value equal to Zyx with an apparent resistivity of 
80 Ωm and a phase of 45o. The fitting between input and computed 3D responses for selected frequency       
f = 833 kHz of Zxy and Zyx at X and Y direction are shown on Figures 2c and 2d. The resulting apparent 
resistivity and phase confirm the homogenous condition with impedances (Zxy and Zyx) of 80 Ωm and phases of 
45o. 
Those diagrams for selected station and frequency are in good agreement to 3D response (Fig. 2). Under this 
condition, the 3D algorithm is compatible to perform RMT modelling and it is possible to employ the same size 
of grid cells for the input model in the next step of 3D forward modelling. 
 
 
 
 
Fig. 2. (a). XY-section of homogenoues model (b). Apparent resistivities (red circles) and phase (green diamond) of 3D forward responses for 
Zxx, Zyy and Zyx at station 30 (X-direction) (c). Fitting Impedance Zxy between measured data (yellow circles) and calculated data         
(red diamonds) for a selected frequency (f = 833 kHz) in X-direction. (d). Fitting of Zyx   in Y-Direction. 
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2.2. Comparison between 2D and 3D Responses 
In order to construct an appropriate 3D RMT model, it is required to build a model, which fulfils the boundary 
conditions, i.e. the grad has to be fine enough and extended far enough in the model space. For checking this, we 
can compare the calculated responses from Mackie’s 3D forward algorithm and Mackie 2D algorithm. The 
derivation of the 3D model is based on the 2D models. The grid used is the same as for the homogenous half 
space model.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Fig. 3. 2D forward model used for 3D forward modeling (a). Plan View (XY-sections) for different depths. (b). Slice view 3D model, the 
black dashed lines show the X and Y direction. (c). Fitting between 2D TM mode and  3D response of Zxy componenet for f = 11 kHz and (d) 
Zyx component for f = 11 kHz. (e). Fitting between 2D TE mode data and 3D response of Zyx componenet for f = 769 kHz and          
(f).  Zxy component for f = 769 kHz. 
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The 2D model for the testing the 3D algorithm is shown in Figure 3. The model consists of three layers. The 
first and third layers are homogenous with resistivities 100 Ωm and depths of 0 m and 20 m, respectively. The 
second layer, between the first and third layer, has a thickness of 10 meters. This layer has three rectangular 
blocks. One block is conductive (10 Ωm) residing beneath two adjacent resistive blocks (100 Ωm). The skin 
depth calculation (Spies, 1989) for the lower frequency (10 kHz) and the highest frequency (1 MHz) can be 
obtained, using the resistivity of the first layer (100 Ωm). The skin depths for the lowest and highest frequencies 
are 5 m and 50.3 m, respectively. The slice view in Figure 2b clearly visualizes the model.  
For a comparison between 2D and 3D response, the Zxy and Zyx elements along the X-direction are 
calculated fot the 2D model (Figures 3a-3b). For frequencies f = 11 kHz and f = 769 kHz the 2D and 3D forward 
response for the components Zxy and Zyx are compared in Figures 4c-4f.  The anomalous apparent resistivity 
character when crossing the 2D body in X-direction in both, the TE and TM mode responses can be seen in 
Figures 3c-3f. The apparent resistivity of ρxy is asociated with B-polarization (TM), whereas E-polarization (TE) 
correspond to ρyx. For both polarizations, the higest frequency of 769 kHz shows a local a resistivity minimum 
right over the conductor.  For frequecy 11 kHz which is related to agreater depth, the influence of the body on the 
resistivities and phases is visible for both 2D and 3D responses. Overall, there is a good comparison between 2D 
and 3D reponses. 
The E-polarisation apparent resistivities ρyx moves vary smoothly across the body, while the B-polarization 
apparent resistivities ρxy are discontinues. Therefore, B-polarization tend to resolve lateral conductivity variations 
better than E-polarization resistivities9.  
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3. 3D Modeling of the Study Area 
After several test of 3D algorithm with synthetic data have been performed, the next step is to construct 3D 
model of the study area from models obtained from the 2D model. In order to get an appropriate model, it is 
essential to adopt the information from the geological map. As mentioned before, in a process to obtain the final 
model with the best data fit, many models need to calculate by a trial and error procedure. Due to the great 
number of cells needed for computational accuracy, the process is time consuming.  
Figure 4b shows the location of all the RMT profiles and each profile on the geological map is located at the 
same location on both the 3D model and the geological map (Fig. 4a). The model is almost similar to the top 
layer model, but it is having a more complex geological structure along profiles 2 and 5. The fault structure 
located at 5 m depth can be seen in the X-Y section plan view in Figure 5. It is corresponds to fault structure is 
represented by two rectangular blocks in dark blue color in Figure 5. 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. (a) Improved local gological map of the research area. (b) 3D forward model of the top layer consisting of three main blocks. The first 
block is holocene deposit (red), the second block is fans (green) and the lower terrace deposit is the third block (dark blue). 
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Profile 1 also indicated a fault structure and it is located at a depth of 20 m and it is related to the fault 
structure from profiles 2 and 5 highlighted by the black arrows in Figure 6e. The structure is visible on the 
Southern part of profiles 1, 2 and 5. Some parts of profile 3, 6 and 7 are filled with Holocene deposit at depths of 
5 – 20 m (see orange color in Figure 5c), whereas above, they area previously composed by fans with a resistivity 
of 65 Ωm (see green color in Figure 5a). It is confirms the geological view where the main sedimentation of the 
Mygdonian basin is filled by lacustrine deposit 10 . 
From Figure 5d, we can observe the adjacent blocks along profiles 2 and 5 which are replaced with more 
conductive blocks (15 Ωm) at depths of more than 25 m. At the same depth, the fault structure in profile 1 is also 
filled by this conductive structure and it is associated by Holocene deposit (see red circles in Figure 5). Figures 
5b-5e show that the fault structure is found from around 5 m to 25 m depth. As a result the modeling, the fault 
structure is associated with a graben structure.  
 
 
 
 
Fig. 5. 3D forward model constructed for all RMT profiles (a-d). The X-Y plane views are for depths 0 m,   5 m, 20 m, 40 m. P1- P8 are the 
profile numbers (e). Slice View. The red circles and black arrows indicate the fault structure in profile 2 and 5. The red circles constitute the 
fault structure in profile 1. 
  
4. Discussion 
The 3D response is in good agreement with the 2D models from measured data. As an example, profile has 
been chosen to show the comparison between observed and predicted data. Figure 6b shows fitting between 
observed and predicted data for selected stations in three geological formations: stations 5, 36 and 49 are located 
in the lower terrace deposit, fans and Holocene deposit, respectively (Fig. 6a). They all have good fitting with  
RMS between 1.3 % to 3%. 
The fitting for the exemplary frequency of 79 kHz along profile 2 (N 0o S) is presented in Figure 6c. 
Measured and calculated data and 3D response of Zxy impedance is fitting well, keeping in mind the geological 
complexity and inhomogeneous in this study area, however some misfits associated as 3D effects in the study 
area. Due to the high resistivity at greater depth, the 2D measured and 3D predicted data have a consistent phase 
value of more than 45o at profile meter 450 m. It is indicate the fault structure. 
P2 
P4 
P3 
P5 
P8 
P7 P1 
P6 
(a). (b). 
(d). (c). 
(e). 
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Fig. 6. (a). Location of RMT stations (b). Fitting between measured (yellow circles) and 3D synthetic data (red diamonds) for three slected 
stations (5, 36 and 49) in three different geological formations (c). Comparison of measured and calculated data for f = 78 kHz plotted along 
profile 2. 
 
5. Conclusion 
The 3D gives a representative model for all conductivity structures in the research area. 3D modeling can 
improve the model for the fault structure distribution and can identify the type of the fault structure in the Volvi 
Basin as a graben structure.  
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